The encapsidation signal of bovine leukemia virus (BLV) was previously shown by deletion analysis to be discontinuous and to extend into the 5 end of the gag gene (L. Mansky et al., J. Virol. 69:3282-3289, 1995). The global minimum-energy optimal folding for the entire BLV RNA, including the previously mapped primary and secondary encapsidation signal regions, was analyzed. Two stable stem-loop structures (located just downstream of the gag start codon) were predicted within the primary signal region, and one stable stem-loop structure (in the gag gene) was predicted in the secondary signal region. Based on these predicted structures, we introduced a series of mutations into the primary and secondary encapsidation signals in order to explore the sequence and structural information contained within these regions. The replication efficiency and levels of cytoplasmic and virion RNA were analyzed for these mutants. Mutations that disrupted either or both of the predicted stem-loop structures of the primary signal reduced the replication efficiency by factors of 7 and 40, respectively; similar reductions in RNA encapsidation efficiency were observed. The mutant with both stemloop structures disrupted had a phenotype similar to that of a mutant containing a deletion of the entire primary signal region. Mutations that disrupted the predicted stem-loop structure of the secondary signal led to similar reductions (factors of 4 to 6) in both the replication and RNA encapsidation efficiencies. The introduction of compensatory mutations into mutants from both the primary and secondary signal regions, which restored the predicted stem-loop structures, led to levels of replication and RNA encapsidation comparable to those of virus containing the wild-type encapsidation signal. Replacement of the BLV RNA region containing the primary and secondary encapsidation signals with a similar region from human T-cell leukemia virus (HTLV) type 1 or type 2 led to virus replication at three-quarters or one-fifth of the level of the parental virus, respectively. The results from both the compensatory mutants and BLV-HTLV chimeras indicate that the encapsidation sequences are recognized largely by their secondary or tertiary structures.
A retroviral vector contains all of the cis-acting elements necessary for retrovirus replication but is deficient in the production of some or all of the viral proteins necessary for replication and virus production. Detailed knowledge of the steps in retroviral replication have led to the successful use of retroviral vectors for gene transfer. An important cis-acting element for virus production is the encapsidation (packaging) signal (E or ⌿) (44) .
The encapsidation signal of most retroviruses is located primarily in the 5Ј untranslated region of the genome and is necessary for the packaging of two identical copies of retroviral RNA into virus particles. For simpler retroviruses such as spleen necrosis virus (SNV) and murine leukemia virus (MLV), the primary encapsidation signal is located between the major splice donor site and the gag start codon (2, 4, 17, 32, 33, 53) . MLV has an extended encapsidation signal in the gag open reading frame, ⌿ϩ, which increases viral RNA packaging and virus titer 10-to 200-fold (7, 38) . The Rous sarcoma virus (RSV) primary encapsidation signal is located 5Ј to the viral coding sequence and has the major splice donor site just downstream of the gag start codon (5, 6, 19, 26, 28, 54) . Thus, unlike SNV and MLV, the RSV encapsidation signal is located not only on the unspliced viral RNA but also on the poorly encapsidated spliced env gene mRNA. The RSV encapsidation signal possibly extends into the gag region, including a region near the 3Ј end of the genomic RNA (43, 49) .
The encapsidation signals for human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency virus (both are more complex retroviruses) include the viral sequences upstream of the major splice donor site, the leader region between the major splice donor site and the gag start codon, and may also extend into the 3Ј end of the U5 region of the long terminal repeat and the 5Ј end of the gag coding sequence (3, 10, 12, 20, 21, 30, 31, 41, 45) . The primary site of RNA encapsidation for HIV-1 includes two stem-loop structures in the leader region between the major splice donor and the gag start codon (37) . These data suggest a similar genomic location for the primary encapsidation signal regions of more complex and simpler retroviruses. However, additional regions were found to be important for encapsidation that may be unique to more complex retroviruses.
RNA secondary structures have been implicated as being important for the function of retroviral encapsidation signals (37, 55) . Based on these observations, we reasoned that such RNA secondary structures in bovine leukemia virus (BLV) RNA may exist in the regions that we have mapped and may be essential for efficient RNA packaging and virus production. We have previously shown by deletion analysis that the BLV encapsidation signal is discontinuous (34) . A primary signal, essential for RNA encapsidation, was mapped to a region starting in untranslated leader region (downstream of the primer binding site) to just downstream of the gag start codon (in the matrix domain). A secondary signal, which facilitates efficient RNA encapsidation, resides in a 132-nucleotide region toward the center of the gag gene (in the capsid domain).
Analysis of the global minimum-energy optimal folding for the entire BLV RNA indicated stable stem-loop structures that overlapped the previously mapped primary and secondary encapsidation signal regions. Two stable stem-loop structures (located just downstream of the gag start codon) were predicted within the region containing the primary signal, and one stable stem-loop structure (in gag) was predicted as the secondary signal. Based on these predicted structures, we introduced a series of mutations into these stem-loop structures to test their effects on virus replication and RNA encapsidation. By analyzing the replication efficiencies and levels of cytoplasmic and virion RNA for these mutants, we found that mutations that disrupted either or both of the predicted stem-loop structures that overlapped the region containing the primary signal reduced the RNA encapsidation and replication efficiencies by factors of 7 and 40, respectively. The mutant with both stem-loops disrupted had a phenotype similar to that of a mutant containing a deletion of the entire primary signal region. This finding indicates that the two stem-loop structures are the primary signal. Mutations that disrupted the predicted stem-loop structure in the region containing the secondary signal led to similar reductions in both the replication and RNA encapsidation efficiencies (factors of 4 to 6), which indicates that this stem-loop structure is the secondary signal. Compensatory mutants in either the primary or secondary regions restored both the predicted stem-loop structures and the levels of replication and RNA encapsidation to that of the wild type. These results confirmed that these RNA structures comprise the encapsidation signal. When the BLV RNA region containing the primary and secondary encapsidation signals was replaced with a similar region from either human T-cell leukemia virus type 1 (HTLV-1) or type 2 (HTLV-2), replication occurred at a level either three-quarters or one-fifth respectively, of that of the parental virus.
Our results indicate that the primary BLV encapsidation signal includes two stem-loop structures located in the gag gene that are necessary for efficient RNA encapsidation. In addition, the secondary signal, which is also located in gag, is a stem-loop that is important for efficient replication and RNA encapsidation. The putative encapsidation signal regions of either HTLV-1 or HTLV-2 can lead to BLV replication, suggesting conservation of encapsidation signal function.
MATERIALS AND METHODS
Nomenclature. Plasmid constructs are indicated by the nucleotide sequence coordinates of the first nucleotide used to create deletions. Plasmid constructs are indicated by the letter p (e.g., pRW 1) to distinguish them from viruses (e.g., RW 1). The nucleotide sequence coordinates used are relative to the 5Ј end of the proviral DNA form of the complete BLV genome (46) .
Construction of parental BLV vector and derivatives used for encapsidation signal region mutagenesis studies. All BLV vectors used in this study were derivatives of pBLV-SVNEO (15) . The parental BLV vector used in this study, pRW 1, was specifically derived from the BLV vector p⌬ 1147-6819 (Fig. 1A ) (34) . To construct pRW 1, the BclI site in the region just upstream of the neo gene of p⌬ 1147-6819 was mutated to BamHI by using a primary/combinatorial two-step PCR protocol (22) . The introduced mutation was verified by DNA sequence analysis, and RW 1 was replicated in parallel with ⌬ 1147-6819 to ensure that the introduced mutation had no effect on the replication and RNA encapsidation efficiencies of the vector. All derivatives of pRW 1 made to test the structure-function relationship of the predicted RNA stem-loop structures located in the regions mapped as being part of the BLV encapsidation signal were made, using pRW 1 as the parent, by the primary/combinatorial two-step PCR protocol used to create the new BamHI site in pRW 1. The exception is the mutant p628/677, in which the 677 mutation was introduced into 628, and all compensatory mutants. Each mutant resulted in the creation of a SpeI site that could be used to help identify the introduction of the desired mutations. All mutants made were sequenced in the region bounded by the BclI and SalI sites to confirm the introduction of the desired mutations.
Chimeric BLV vectors containing the predicted encapsidation signal regions of HTLV-1 and HTLV-2 in place of the BLV encapsidation signal region were made by PCR amplifying the predicted encapsidation signal region from either HTLV-1 (nucleotides 798 to 1421 of the proviral DNA from pHTLV-1-CMVneo) (kindly provided by David Derse, National Cancer Institute, Frederick, Md.) (13, 47) or HTLV-2 (nucleotides 784 to 1410 of the proviral DNA from pH6neo) (11, 48) , using primers containing BclI or SalI recognition sites. The PCR-amplified HTLV-1 and HTLV-2 DNAs were digested with BclI and SalI and inserted into pRW 1 digested with BclI and SalI. DNA sequencing was done to confirm the proper introduction of the HTLV-1 or HTLV-2 sequence in place of the BLV encapsidation signal region.
Cell lines, transfections, and cocultivations. FLK-BLV cells were used to test virus production by use of BLV helper virus. FLK-BLV cells produce all of the BLV proteins necessary for virus production (52) and have been used previously for vector virus production. Madin-Darby bovine kidney (MDBK)-based BLV helper cells (34) were used to test RNA encapsidation efficiencies of selected mutants. All cells were grown in Temin-modified Eagle's medium (51) supplemented with 10% fetal bovine serum (Sigma Chemical Co., St. Louis, Mo.). MDBK-based BLV helper cells and FLK-BLV cells were transfected by the dimethyl sulfoxide-Polybrene procedure as described previously (27) .
FLK-BLV cells were transfected with each of the vectors tested. Two days posttransfection, cells were placed under G418 (900 g/ml) selection. Approximately 100 G418-resistant colonies were pooled and used for cocultivation with fresh MDBK target cells. Infection of target cells was done by cocultivation of virus-producing cells with target cells as described by Mansky and Temin (35) . Briefly, virus-producing cells (typically 2.5 ϫ 10 5 in a 60-mm-diameter petri dish) were treated with mitomycin C (10 g/ml), an inhibitor of host cell DNA synthesis, for 2 h at 37°C. The cells were then washed three times with fresh medium, and 2.5 ϫ 10 5 FLK target cells were added. Two days after cocultivation, selective medium containing G418 was added. Control experiments were done with each cocultivation experiment to ensure that mitomycin C-treated, virus-producing cells did not proliferate and no longer adhered to the surfaces of culture dishes (35) .
Determination of cytoplasmic and virion RNA levels of mutant vectors. Selected derivatives of RW 1 were tested for RNA encapsidation efficiency. MDBK-based BLV helper cells were transfected with selected vectors from the replication experiments. Two days posttransfection, cells were placed under G418 selection (1 mg/ml). Approximately 100 G418-resistant colonies were pooled and used for cocultivation with fresh helper cells. Infection was done by cocultivation of virus-producing cells with fresh helper cells. Two days after cocultivation, selective medium containing G418 was added. Control experiments were done with each cocultivation experiment to ensure that mitomycin C-treated, virus-producing cells did not proliferate and no longer adhered to the surfaces of culture dishes (35) .
Levels of vector viral RNA in infected helper cells and in virions produced from those cells were determined by RNA slot blot analysis as previously described (34) . Cytoplasmic RNA was harvested from pools of G418-resistant clones that had been infected by cocultivation with mutants of RW 1. Virion RNA was purified from virions pelleted from cleared supernatant medium.
Cytoplasmic and virion RNAs were denatured at 65°C for 15 min. Samples were twofold serially diluted in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and were blotted onto nitrocellulose paper (Schleicher & Schuell, Keene, N.H.) with a slot blot vacuum manifold (Millipore, Bedford, Mass.). The blots were then baked under vacuum at 80°C for 2 h. A DNA probe representing the U5 region of the 5Ј end of the viral RNA, which is downstream from the splice donor site for the env mRNA, was used for hybridizations. Hybridization was visualized, and relative intensities were quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
Computer analysis of potential RNA secondary structures. Calculation and analysis of minimal free energy and suboptimal RNA secondary structures of portions of the BLV, HTLV-1, or HTLV-2 RNA sequence were performed with the FOLDRNA (57) and MFOLD (23, 56) programs within the Genetics Computer Group (GCG) analysis package (version 8; GCG, Madison, Wis.), (16) using the Turner energy tables (18) .
The global minimum free-energy structure for the complete genome was calculated with a standalone version of MFOLD implemented on a Silicon Graphics (Mountain View, Calif.) computer with 256 megabytes of memory and took more than 5 days to compute (47a). The RNA structures predicted by FOLDRNA and MFOLD in the GCG package were plotted with the GCG programs SQUIGGLES and PLOTFOLD, respectively. The complete genome was plotted with Michael Zuker's NAVIEW graphics implementation (9) . The STAR program (1) was used to analyze potential pseudoknot structures.
RESULTS
Global analysis of potential RNA secondary structures in the entire BLV RNA genome. The entire 8,412-base genome of the BLV RNA (Fig. 2) was analyzed for global minimal and suboptimal free-energy structures in a single-step folding run (47a). The predicted secondary structure shown in Fig. 2 represents a global minimum free-energy optimal folding for BLV RNA. The BLV encapsidation signal region is located toward the 5Ј end of the genome (see also Fig. 1B) .
The BLV RNA region containing the encapsidation signal region was also analyzed by folding of local regions (data not shown). The BLV RNA in the primary encapsidation signal region had two stable hairpin structures predicted. The first hairpin begins at the gag start codon. The predicted stable RNA structure in the secondary encapsidation region lies within the 132-nucleotide region (nucleotides 1015 to 1147) that was mapped by deletion analysis as being necessary for efficient virus production and RNA packaging. No pseudoknot foldings were predicted (data not shown) for the unusually large loop sequence with adjacent sequences by use of the STAR program (1) .
Analysis of the global BLV RNA folding indicates that the structures predicted for the primary and secondary encapsidation signals (Fig. 2) are the same as those predicted in the local folding of the BLV RNA encapsidation signal region. That these structures are observed in the predicted secondary structure of the global BLV RNA genome folding shows that these segments can remain paired, according to the thermodynamics prediction, in spite of the many other potential partner choices elsewhere along the sequence. Since these structures are predicted in the context of the whole sequence, their biological relevance appears to be reinforced.
Replication and RNA encapsidation efficiencies of BLV encapsidation region 1 mutants. We made various mutations in RW 1 in order to determine the effects of these mutations on virus replication and RNA encapsidation. Figure 3A shows the locations of the mutations made in the primary encapsidation signal region (region 1). The mutations introduced into each vector resulted in the creation of a SpeI restriction site. Region 1 mutants spanned two predicted stem-loop structures in addition to sequences upstream of the hairpins. To test the ability of these vectors to replicate, we used a BLV helper virus as described in the Materials and Methods. FLK-BLV cells were stably transfected with each of the derivatives of pRW 1. Comparable numbers of G418-resistant colonies were observed for each mutant vector per microgram of transfected plasmid DNA (data not shown). Approximately 100 G418-resistant colonies were pooled for each mutant and used for cocultivation with MDBK target cells. Figure 4 shows the results of vector virus production from FLK-BLV cells of the mutants containing mutations in region 1, a region defined by deletion analysis as overlapping with the primary encapsidation signal. The titers of vector virus mutants allow the mutants to be grouped into three classes. The titer for the first group, consisting of five mutants (628, 659, 677, 628/677, and ⌬ 551-698), was 7 to 40 lower than that of the parental vector. A second group, consisting of one mutant (559), had a titer lower than that of the parental RW 1 by a factor of 2. A third group (mutants 589, 622, 650, and 667) had vector virus titers that were similar to that of the parental vector. The vector ⌬ 1147-6819, from which RW 1 was derived, had a titer similar to that of RW 1. The titers of these vectors indicate that disruption of either stem (628, 659, and 677) reduces the replication efficiency by a factor of 7 and that disruption of both stems (628/677) results in a reduction of virus replication by a factor of 40. The replication of 628/677 was similar to the replication of a previously described mutant (34) containing a deletion of the primary signal region (i.e., ⌬ 551-698) (Fig. 4) .
The RNA encapsidation efficiency of selected region 1 mutants (i.e., 628, 677, and 628/677) was tested (Fig. 5) . As a measure of the sensitivity of the assay, the expression of viral RNA in cells and the amount encapsidated into virus particles were compared between the mutant 628/677 and a previously described mutant (⌬ 551-698) (34) that was derived from the BLV vector ⌬ 1147-6819 (Fig. 5A ). For each of these mutants, the expression of viral RNA in cells was similar to that for RW 1. However, viral RNA from virus particles was poorly detected for both 628/677 and ⌬ 551-698, indicating that these two mutants lead to a minimal 40-fold reduction in RNA encapsidation. Expression of viral RNA in cells for each of the mutants 628 and 677 was similar to that for pRW 1 (Fig. 5B) . In contrast, the amount of viral RNA detected in virus particles of each mutant tested was drastically lower than that of RW 1 (Fig. 5B ). Viral RNA detected for 628 and 677 was sevenfold lower than that of RW 1. Viral RNA detected for 628/677 was 40-fold lower than that of RW 1. Titers of vectors from helper cells were similar to that observed from FLK-BLV cells (data not shown). These data indicate that the measured reductions in replication efficiency of these vectors correlates to reductions in RNA encapsidation efficiency. These results support the conclusion that mutation of either or both of the two stems disrupts the primary encapsidation signal. Replication and RNA encapsidation efficiencies of BLV encapsidation region 2 mutants. Figure 6 shows the results of vector virus production from FLK-BLV cells of the mutants containing mutations in region 2, the previously defined region that overlaps with the secondary encapsidation signal. Figure  3B shows the locations of the mutations made in the secondary encapsidation signal region. The mutations introduced into each mutant resulted in the creation of a SpeI restriction site. Mutants in region 2 spanned one predicted stable stem-loop structure.
The titers of vector virus mutants allow the mutants to be grouped into two classes. The first class, consisting of four mutants (1047, 1052, 1078, and 1084), had a titer sixfold lower than that of the parental vector. A second class had 1 mutant (1070) with a titer that was two-thirds of that of the parental RW 1. The titers of these vectors (i.e., 1047, 1052, 1078, and 1084) indicate that disruption of the stem reduces the replication efficiency by a factor of 6 and supports the conclusion that mutation of the stem structure disrupted the secondary encapsidation signal.
The RNA encapsidation efficiency of a selected region 2 mutant (1052) was tested (Fig. 5B) , and the amount of RNA in cells was found to be similar to that of RW 1 (Fig. 5B) . In contrast, the amount of viral RNA detected in virus particles of 1052 was fourfold lower than that of RW 1 (Fig. 5B) , indicating that the measured reduction in replication efficiency correlates well with the reduction in RNA encapsidation efficiency. Titers of vectors from helper cells were similar to that observed from FLK-BLV cells (data not shown). These results indicate that mutation of the stem in region 2 disrupts the secondary encapsidation signal.
Effects of compensatory mutations that restore the predicted RNA secondary structures on the replication efficiency of encapsidation mutants. To confirm the correlation between disruption of predicted RNA secondary structures and the influence of the mutations on replication and RNA encapsidation efficiencies, compensatory mutations were made to restore the predicted RNA secondary structures (Fig. 7) . Compensatory mutations were made in both the primary and secondary encapsidation signals, and these vectors were tested for replication efficiency relative to the parental vector, pRW 1. In region 1, compensatory mutants of 628 and 677 (628c and 677c) were made and tested; in region 2, compensatory mutants of 1052 and 1078 (1052c and 1078c) were made and tested (Fig. 7) . The 628 mutant disrupts one of the predicted stem-loop structures in the primary encapsidation signal, while 677 disrupts the other predicted stem-loop structure. The compensatory mutant 628c replicated at a level about 70% of that of RW 1, indicating that the compensatory mutation increased replication efficiency (Fig. 7A) . The replication of 628c was about 12-fold higher than that of 628. The mutant 677c replicated at a level comparable to that of RW 1 (an approximately 20-fold increase relative to that of 677), indicating that the compensatory mutation restored the replication efficiency of the vector. Replication of the compensatory mutant 1052c was restored to about three-fourths of that of RW 1, which was about a fourfold increase compared to the replication efficiency of 1052. Replication of the compensatory mutant 1078c was also restored to about three-fourths of that of RW 1, indicating an approximate fourfold increase compared to the replication efficiency of 1078 (Fig. 7A) .
The RNA encapsidation efficiency of each compensatory mutant (i.e., 628c, 677c, 1052c, and 1078c) was tested (Fig. 7B) . The expression of viral RNA in cells for the compensatory For cytoplasmic RNA analysis, RNA from five petri dishes (100-mm diameter) of infected or uninfected cells was twofold serially diluted and blotted onto nitrocellulose paper. For virion RNA analysis, RNA from the equivalent of the supernatant medium from 25 petri dishes (100-mm diameter) (250 ml, total) was twofold serially diluted and blotted. The probe used was a randomly primed probe in the U5 region of the BLV long terminal repeat. Lanes C, viral RNA from uninfected cells. mutants 628c, 677c, 1052c, and 1078c was measured, and the amount detected for each mutant was similar to that for RW 1 (Fig. 7B) . The amount of viral RNA detected in virus particles of each compensatory mutant was found to be similar to that of RW 1 (Fig. 7B) . These data indicate that the measured increase in replication efficiency of each of these compensatory mutants correlates to the increase in RNA encapsidation efficiencies and is comparable to that of RW 1. These data indicate that compensatory mutations which restore the predicted RNA secondary structures in the primary or secondary encapsidation signal results in vectors with replication and RNA encapsidation efficiencies similar to that of the parental vector containing the wild-type primary or secondary encapsidation signal. This observation indicates that the encapsidation signal is largely recognized by secondary or tertiary structures.
Replacement of the BLV encapsidation signal region with the encapsidation signal region of either HTLV-1 or HTLV-2.
To test for conservation of function among the encapsidation signals in the BLV/HTLV genus, we constructed derivatives of pRW 1 where the BLV encapsidation signal region (containing both regions 1 and 2) was replaced with the encapsidation signal region of either HTLV-1 or HTLV-2. These derivatives were then replicated in parallel with RW 1 to determine their relative replication efficiencies. Figure 8 indicates that the replication efficiency of the RW 1 derivative containing the HTLV-1 encapsidation signal in place of the BLV signal (RW1-H1) was approximately three-fourths of that of RW 1. The replication and RNA encapsidation efficiency of the RW 1 derivative with the HTLV-2 encapsidation signal (RW1-H2) was one-fifth of that of the parental vector (Fig. 8A) . Since RW1-H1 and RW1-H2 replicated, we analyzed the predicted stable RNA secondary structures in the HTLV-1 and HTLV-2 sequences included in these vectors, specifically just downstream of the HTLV-1 and HTLV-2 gag start codons. Two stable stem-loop structures were predicted for each (Fig. 8B) . The HTLV-2 structures more closely resemble the two BLV stem-loops. That these structures resemble the primary encapsidation signal of BLV provides further evidence that the BLV encapsidation signal is largely recognized by secondary or tertiary structures. Taken together, these data indicate that the encapsidation signal regions of either HTLV-1 or HTLV-2 can lead to BLV replication and suggest some level of conservation of encapsidation signal function.
DISCUSSION
Based on a previous deletion analysis study where we had mapped the RNA regions that overlap with the primary and secondary encapsidation signals of BLV, a global minimumenergy optimal folding for the entire BLV RNA was analyzed. Two stable stem-loop structures in the gag gene (just downstream of the gag start codon) were predicted to overlap with the region mapped to contain the primary encapsidation signal, while one stable stem-loop structure was predicted in gag (in the capsid domain) to overlap with the region mapped to contain the secondary encapsidation signal. We introduced a series of mutations into these predicted structures to study the sequence and structural information contained within these regions. Mutants were screened for replication and RNA encapsidation efficiencies.
Mutations that disrupted either or both of the predicted stem-loop structures in the primary encapsidation signal reduced the replication efficiency by a factor of 7 or 40, respectively. RNA encapsidation efficiencies for each mutant were determined by comparing the level of viral RNA in the cytoplasm and that in virus particles to RNA levels of the parental vector, RW 1. Levels of viral RNA in the cytoplasm for each mutant tested were similar to that for the parental vector, but a 7-to 40-fold reduction in virion RNA was observed for mutants with mutations in either or both of the predicted stem-loop structures relative to RW 1, respectively. The phenotype of the mutant with both stem-loop structures disrupted was similar (Fig. 5) to that of a previously characterized mutant, ⌬ 551-698, that contained a deletion of the entire primary encapsidation signal region (34) . Several mutants were tested that had disruptions in the predicted stem-loop structure in the secondary signal. These mutants were found to have a reduction, by a factor of 6, in replication efficiency, and one mutant (i.e., 1052) was found to have a fourfold reduction in RNA encapsidation efficiency, indicating that the efficiency of RNA encapsidation was largely responsible for the reduction in virus replication. These results indicate a structure-function relationship between (i) the predicted RNA secondary structures in the primary and secondary encapsidation regions and (ii) the efficiency of replication and RNA encapsidation.
The reduction in virus titers that we observed correlates well, in general, with the measured reductions in RNA encapsidation efficiency. However, this does not preclude the possibility that other cis-acting elements that overlap with the encapsidation signal are influenced by the introduced mutations or that the cis elements we have mapped affect more than one step in BLV replication. For example, a cis-acting element has been shown for HIV-1 to influence both RNA packaging and synthesis of proviral DNA (39) .
To confirm these structure-function relationships, we created in several of the mutants a series of compensatory mutations that would be expected to restore the predicted RNA secondary structures disrupted by the mutations initially introduced. These compensatory mutants led to levels of replication and RNA encapsidation comparable to those of virus containing the wild-type encapsidation signal (Fig. 7) . This finding indicates that these mutants confirm the biological significance of the tested RNA secondary structures in BLV replication and RNA encapsidation. Therefore, they represent the primary and a secondary encapsidation signal of BLV.
A derivative of RW 1 that contains mutations that change bases on the opposite side of the stem mutated by 677 (i.e., 659) had a similar effect on virus titer (Fig. 4) , indicating that the observed increase in virus titer and RNA encapsidation of 677c is not due to the 659 mutations alone but rather a result of restoration of the secondary structure in this region. (It should be noted that 677c was created by introducing the 659 mutations into 677.) This is also evident for the BLV secondary signal stem-loop structure by analyzing the replication of 1052, 1078, 1052c, and 1078c.
To determine if the encapsidation signal region of BLV could be replaced by an encapsidation signal from other members of the BLV/HTLV genus, we constructed vectors in which the BLV encapsidation region was replaced with sequences near the 5Ј end of either HTLV-1 or HTLV-2 that we predicted would contain the encapsidation regions of these viruses. The HTLV-1 sequences were derived from pHTLV-1-CMVneo (13), a vector constructed from a provirus cloned from the lymphocytic cell line CS-1; HTLV-2 sequences were from pH6neo (11, 48) . The sequences from either HTLV-1 or HTLV-2 used to replace the BLV encapsidation signal region spanned from just downstream of the primer binding site to the central region of the gag gene. Replacement of the BLV RNA region containing the primary and secondary encapsidation signals with a similar region from HTLV-1 led to replication at three-fourths of that of the parental virus, while replacement with a similar region from HTLV-2 led to replication at a level one-fifth of that of the parental virus. The primary sequences of BLV, HTLV-1, and HTLV-2 are well conserved, and computer-assisted analysis of the predicted stable RNA secondary structures in HTLV-1 and HTLV-2 reveals two stem-loop structures located at the beginning of the gag open reading frame that resemble the primary BLV signal (Fig. 8B) . Further studies will reveal if these predicted structures play a role in BLV and HTLV RNA encapsidation.
Sequences involved in dimerization of retroviral RNA (the dimer linkage sequence [DLS]) have been identified in cellfree systems. The DLS for several retroviruses, with the exception of RSV, has been previously mapped in vivo to a region overlapping the encapsidation region (8, 14, 24, 36, 42, 50) . The BLV DLS appears to be near the 5Ј end of the viral RNA (24, 25) . This region has been found to contain sequences or structures important for cell-free binding of the RNA to viral matrix-associated proteins, nucleocapsid protein, or the nucleocapsid domain of the Gag polyprotein precursor. Our results indicate that a structure important for cell-free dimer formation (nucleotides 445 to 574 in the proviral DNA) does not overlap with the primary encapsidation signal, but that a structure important for cell-free matrix-associated protein binding (nucleotides 628 to 682 in the proviral DNA) (24, 25) does overlap with the primary signal.
Analysis of the predicted folding indicates that the structures predicted for the primary and secondary encapsidation signals were also present when the entire BLV genome is simultaneously folded. The fact that the encapsidation signal structures were preserved in the secondary structure of the entire BLV genome strengthened their potential biological relevance. Our data indicate that these structures function as the encapsidation signal. In addition, these structures are located in the gag open reading frame, which suggests that there is selective pressure for simultaneously maintaining not only an efficient viral RNA for encapsidation but also an efficient mRNA template for translation of the gag gene.
It is remarkable that there are no very long range interactions as described for other RNA virus complete genome foldings (40) , which can adopt a "fish tail" configuration. Such a configuration facilitates a close proximity between the 5Ј and 3Ј ends. It is interesting that this is not observed with BLV, as this close proximity of 5Ј and 3Ј ends could be envisioned as being important for the strand transfer process during reverse transcription. Since two copies of the retroviral genomic RNA are encapsidated into virus particles, it would also be interesting to see what potential stable RNA structures form between two RNA molecules. Currently, methods to evaluate this are not readily available.
We have identified the RNA secondary structures for the primary encapsidation signal of BLV in addition to a secondary encapsidation signal in the gag gene. The approximate twofold reduction in replication efficiency of mutant 559 indicates that other secondary encapsidation signals are located upstream of the primary signal. This conclusion is supported by the work of Kurg et al. (29) , who showed that mutation or deletion in the same region resulted in a three-or fivefold reduction in packaging efficiency of BLV RNA, respectively.
The RNA secondary structures that we have shown to be the encapsidation signal of BLV resemble structures found in HTLV-1 and HTLV-2, suggesting some degree of conservation in this signal among members of the HTLV/BLV genus of the Retroviridae family. Further characterization of these RNA structures will aid in identifying the retroviral proteins that interact with retroviral RNA to initiate the encapsidation process.
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